Reliable methods for tin whisker mitigation are needed for applications that utilize tin-plated commercial components. Tin can grow whiskers that can lead to electrical shorting, possibly causing critical systems to fail catastrophically. The mechanisms of tin whisker growth are unclear and this makes prediction of the lifetimes of critical components uncertain. The development of robust methods for tin whisker mitigation is currently the best approach to eliminating the risk of shorting. Current mitigation methods are based on unfilled polymer coatings that are not impenetrable to tin whiskers. In this paper we report tin whisker mitigation results for several filled polymer coatings. The whisker-penetration resistance of the coatings was evaluated at elevated temperature and high humidity and under temperature cycling conditions. The composite coatings comprised Ni and MgF 2 -coated Al/ Ni/Al platelets in epoxy resin or silicone rubber. In addition to improved whisker mitigation, these platelet composites have enhanced thermal conductivity and dielectric constant compared with unfilled polymers.
INTRODUCTION
Lead-free electronics initiatives have resulted in a shift to pure tin plating on commercial components. Unfortunately, tin can grow whiskers that can lead to electrical shorts or metal vapor arcing, both of which can cause critical systems to fail catastrophically. [1] [2] [3] Tin whiskers are a threat to the reliability of electronic systems used in military, aerospace, automotive, telecommunications, and medical applications. The development of robust methods for tin whisker mitigation is needed to address this risk. Most mitigation methods focus on reducing compressive stress in the tin which is believed to be the force driving whisker growth. Such methods include alloying with Pb or Bi to change the microstructure of the tin; annealing the tin immediately after plating; and matte tin plating, which, because of its large grain size (>5 lm), is less prone to whisker growth than bright tin plating, which has small grains and high residual film stress. 4 Unfortunately, these methods eventually lose their effectiveness, especially when exposed to harsh environments (e.g., thermal cycling, elevated temperature and high humidity).
Polymer coatings that conform to the geometry of the components are currently being investigated for tin whisker mitigation. This work has focused on conformal coatings that were developed to protect electronics from moisture permeation, particulates, etc. Such coatings are based on both glassy and rubbery unfilled polymers, for example polyurethane, acrylic, and silicone rubber, but these have not proved to be impenetrable to tin whiskers. [5] [6] [7] [8] [9] For example, a 1 mil thick coating of Uralane 5750 at 50°C/50% relative humidity (RH) was penetrated by tin whiskers after 5 years, as were 1 mil thick acrylic coatings. 5 Rubbery polymers were found to have lower penetration resistance in humid environments.
Unfilled glassy polymers have greater penetration resistance than unfilled rubbery polymers, and in fact, tin whiskers did not penetrate a 0.5 mil (1 mil is one thousandth of an inch) thick Parylene C coating after 5 years at 50°C/50% RH 5, 7 and after sequential thermal cycling, elevated temperaturehumidity, and exposure to corrosive gas. 9 However, stress evolution during thermal cycling remains an issue for some glassy polymers, so in this regard rubbery polymers are preferred.
In the work discussed in this paper we investigated the use of platelet-shaped particles as filler materials for whisker mitigation. These were dispersed in both rubbery and glassy polymers, specifically silicone rubber and epoxy resin. We chose platelets because they have a higher cross section than spherical particles at a given loading, and are thus more likely to stop the growing whiskers. When arranged into sheet-like layers with magnetic fields, the platelets create a multilayer barrier resembling that found in nature. In fact, multilayer platelet composites are the reason for the high fracture toughness of seashells and the penetration resistance of the toucan beak. 10 Platelets have already been shown to enhance a variety of properties of composites, for example thermal conductivity, [11] [12] [13] [14] [15] [16] magnetic permeability, 13 dielectric permittivity, [11] [12] [13] 15, 16 and mechanical properties. 10, [17] [18] [19] They also reduce gas permeability. 15, [20] [21] [22] [23] [24] Tin whisker mitigation coatings for electronic systems must satisfy the many criteria listed in Table I . Besides penetration resistance, the coatings should be chemically and thermally stable; have low outgassing; be electrically insulating; bond strongly to the materials they are applied to; withstand thermal cycling without creating undue stresses on the components; provide a moisture barrier; function as a heat spreader; and have low permeability to gases that could accelerate aging of the underlying materials. The platelet composite coatings we are developing satisfy many of these criteria and are thus ideal candidates for a new class of mitigation coating for Pb-free electronics.
EXPERIMENTAL Components
The components used in our tin whisker mitigation studies are shown in Fig. 1 and described in Table II. In our experiments, the components were exposed to long-term storage and accelerated aging conditions that have been shown to promote tin whisker growth and are recommended by the International Electronics Manufacturing Initiative [25] [26] [27] : 1500 temperature cycles (À55°C to 85°C); and 4000 h at 60°C and 93% relative humidity (RH). Scanning electron microscopy (SEM) in secondary and back-scattered electron (BSE) imaging modes was used to inspect the components for tin whiskers.
Composite Fabrication
Epoxy resin (EPON 828 with Jeffamine T-403 curing agent) and silicone rubber (Gelest PP2-OE41) were used for the unfilled polymer and The platelets were mixed into the polymers, the mixture was degassed, then applied to the components with a brush, and cured at 55-60°C. The coating thickness was 1 mil to 2.5 mil, which is in the range recommended by the IPC-CC-830B industry standard for conformal coatings. Tin-plated copper coupons were also used in some evaluations. The coupons were coated with epoxy resin or Ni platelet-filled epoxy resin. The penetration resistance of Ni was evaluated by using tinplated copper coupons. In these experiments the copper was first plated with Ni, then tin, then with a final overlayer of Ni.
Thermal Conductivity and Capacitance Measurements
To fabricate bulk composite samples for thermal diffusivity and capacitance measurements, the platelet-epoxy resin mixture was degassed before pouring into a 1-cm-square cuvette. After curing of the epoxy resin at 60°C, a 1.5 mm thick 91 cm square composite suitable for laser flash thermal diffusivity measurements was machined. Thermal conductivity was calculated from measured thermal diffusivity. The dielectric constants were calculated from capacitance measurements of these composites. The capacitance of the composites was measured from 1 kHz to 1 MHz by use of an LCR (inductance (L), capacitance (C), resistance (R)) bridge.
RESULTS AND DISCUSSION
Platelet composite coatings were evaluated for tin whisker mitigation on commercial capacitors and transistors. The penetration resistance of the platelet-filled polymers was compared to that of the unfilled polymers under long-term storage, thermal cycling, and elevated-temperature, high-humidity conditions. The first part of the study established a baseline for tin whisker growth by using control components. The first important observation was that tin whiskers were observed on all of the components and most whiskers grew to be 10-20 lm long, irrespective of aging condition. We did not find a clear correlation between the aging condition and maximum whisker length. The length of the longest whisker is known to be highly variable and unpredictable. 28 The longest whisker was 25 lm on the capacitors that were stored for 7.5 years. Those exposed to 4000 h at 60°C, 93% relative humidity also had a maximum whisker length of 25 lm. The longest whisker found on a capacitor subjected to 1500 thermal cycles (À55°C to 85°C) was 75 lm. For transistors, the longest whiskers found were 24 lm, 40 lm, and 35 lm, after 5 years of storage; 4000 h at 60°C/93% relative humidity; and 1500 thermal cycles (À55°C to 85°C).
Tin Whisker Mitigation Results
Even under moderately accelerated aging conditions tin whiskers eventually penetrate unfilled polymers. Tin whiskers were observed on epoxy resin-coated capacitors exposed to 7.5 years of vari- able temperature and humidity conditions (out-ofdoors in closed containers).* Some of the whiskers penetrated the polymer (Fig. 3a) . Tin whiskers also created projections in the polymer and caused localized debonding (Fig. 3b) . Other protrusions such as that shown in Fig. 3c were observed. The tin whisker that created the protrusion can be seen beneath the coating in BSE imaging mode (Fig. 3d) .
Preliminary Penetration-Resistance Studies
Tin-plated copper coupons were used to test the whisker-penetration resistance of an Ni film and Ni platelet-filled epoxy resin. The coupons were plated in a manner that led to abundant whisker growth (Fig. 4a) . For Ni film penetration-resistance experiments, the copper was first plated with Ni, then tin, then with a final overlayer of Ni. The Ni overlayer was 500 nm thick, which is comparable with the thickness of a platelet. No whiskers were observed after 3.5 years of laboratory storage, as shown in the SEM image in Fig. 4b , only Ni grains were seen. Even after the coupons had been thermally cycled (500 cycles À55°C to 125°C plus 1000 cycles À55°C to 85°C) the 500 nm-thick Ni overlayer resisted penetration. Next, tin-plated copper coupons were coated with Ni platelet-filled epoxy resin; no whiskers were observed after four years of laboratory storage. Finally, capacitors and transistors were coated with the platelet composites and exposed to accelerated aging conditions. The results of the accelerated aging experiments are discussed in the next section.
Elevated Temperature and High-Humidity Environment
Epoxy resin and silicone rubber-based composites containing two types of platelet were tested: Ni nonleafing and MgF 2 -coated Al/Ni/Al platelets. After 4000 h at 60°C and 93% RH there was no evidence of tin whiskers penetrating the epoxy resin or silicone rubber coatings that contained these platelets. Interestingly, whisker penetration was negligible for components coated with the unfilled epoxy resin (whiskers were observed on one transistor and none of the capacitors) and no whiskers had penetrated the unfilled silicone rubber on the capacitors or the transistors. After storage for 4000 h abundant whisker growth was observed on the uncoated control components, so longer aging times are thus re-* For example, the electronics in an automobile parked outside all year would experience similar conditions. quired to evaluate the penetration resistance of the coated components under elevated temperature and high-humidity conditions.
Temperature Cycling Environment
Unfilled silicone rubber and epoxy resin coatings were tested on capacitors and transistors during thermal cycling. After 500 cycles, tin whiskers had penetrated both polymers (Figs. 5a and b) . We also observed protrusions in the coatings where whiskers were trying to penetrate. Upon re-inspection after 1500 cycles, more whiskers had penetrated both polymers.
Three types of platelet were used in thermal cycling experiments with composite coatings: Ni leafing (Type I), Ni non-leafing (Type II), and MgF 2 -coated Al/Ni/Al.
Conductive non-leafing-grade Ni platelets (Type II) Composite coatings were fabricated with nonleafing Ni platelets in epoxy resin and tested on capacitors and transistors attached to printed-circuit boards. Non-leafing platelets were polymer wettable and, as a result, were dispersed throughout the thickness of the coating and oriented at arbitrary angles. Although no tin whiskers pene- trated the composites after 1500 temperature cycles (À55°C to 85°C), some platelets were oriented out of the plane of the tin surface, creating protrusions in the polymers, as shown in Fig. 6 , for example.
MgF 2 -coated Al/Ni/Al platelets MgF 2 -coated platelets (2-4 vol.%) were added to epoxy resin and silicone rubber. At higher platelet loadings, platelets that were oriented out of the plane of the coating were observed and sometimes created protrusions in the polymer. No tin whiskers were observed on the coated capacitors or transistors after 1500 temperature cycles (À55°C to 85°C).
Conductive leafing-grade Ni platelets (Type I) Type I Ni platelets are similar in size and shape to the Type II platelets, but their surfaces are coated with a ligand, for example stearic acid, which causes dewetting of the epoxy resin. As a result, the platelets arrange themselves with their major axes parallel to the coating surface and rise to the surface of the polymer to form a sheet-like layer. The coating that results is conformal. Figure 7a shows a transistor coated with epoxy resin containing 4 vol.% platelets which survived 1500 temperature cycles without whisker penetration. The platelets retained their orientation throughout the temperature-cycling experiments (Fig. 7b) and the coating was crack-free. A cross section of a coated transistor lead showed the platelet leafing effect at the coating surface (Fig. 7c) .
The thermal strain of a composite containing 2 vol.% of Type I Ni platelets was measured over a broad temperature range by thermomechanical analysis, and is plotted with the coefficient of thermal expansion (CTE) in Fig. 8 . The Ni loading has a negligible effect on the CTE of the polymer ($70 ppm/°and 75 ppm/°at room temperature for the unfilled and filled epoxy resin, respectively). The thermal strain curve has a distinct glassy transition at $70°C. The CTE of the composite increases substantially above T g , but the CTE mismatch stresses between the coating and the tin nearly vanish, because the elastic modulus of the composite decreases by a factor of $300 (from $3 GPa to $12 MPa). 
Thermal Conductivity of Platelet Composites
Increasing the in-plane thermal conductivity of the composites would result in coatings that could function as heat spreaders. The usual approach to increasing the thermal conductivity of polymers is to add particles comprised of a material that has vastly higher thermal conductivity than the polymer. This high contrast approach gives disappointing results when the particles are spherical, because the spherical shape strongly excludes the imposed thermal gradient. The thermal flux density through a sphere is thus limited to four times that through the pure polymer. A platelet is a more effective shape for filler particles. The thermal flux density in a platelet can be extremely large, especially when the platelet is aligned with its major axis parallel to the imposed thermal gradient. 29 The platelet-filled composites have better thermal conductivity than the polymer, even at low loadings.
For example, the effective thermal conductivity (K eff ) of a composite containing 11.1 vol.% Ni leafing (Type I) platelets in epoxy resin was 1.8 W/m K-an 8.6-fold increase over the thermal conductivity of the pure epoxy resin (0.21 W/m K). This enhancement is attributed to the in-plane orientation of the leafing platelets. The K eff of Ni non-leafing (Type II) platelet composites did not reach the K eff obtained from type I platelet composites, even at a platelet loading of 24 vol.% (K eff = 1.4 W/m K). The K eff data for all of the platelet composites studied in this work are listed in Table III and are plotted in Fig. 9 with K eff for Ni sphere-filled epoxy resin composites as a function of particle volume fraction. At $28 vol.%, K eff of a Ni sphere-filled composite was 0.875 W/ m K; at 57.6 vol.% K eff was 3.08 W/m K. Composites prepared with such high loadings had a paste-like rheology that would be unsuitable for coating applications. Furthermore, high loadings are not required if the platelets are organized with electric or magnetic fields in such a way as to maximize the thermal conductivity of the composite along the intended thermal gradient.
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Electrical Properties of Platelet Composites
For use as tin whisker mitigation coatings for electronics the platelet composites must be electrically insulating. Platelet composites made with Type II Ni platelets were electrical insulators at platelet loadings £17.6 vol.%, with dielectric constants much larger than that of epoxy resin (4.1). At $24 vol.%, the composite behaved like a pure conductor. The Type I Ni platelet composites at £11 vol.% loadings also behaved as electrical insulators with enhanced dielectric constants. The measured dielectric constants for the composites are listed in Table III. Some of the composites had frequency-dependent dielectric constants. For example, the dielectric constant of the 17.6 vol.% Type II Ni platelet composite decreased by $82% from 1 kHz to 1 MHz, as shown in Fig. 10a . This unwanted frequency dependence, which was observed for both Ni leafing The dielectric constant was calculated from the capacitance measured at 1 kHz. Composites having dielectric constants that are frequency-dependent are indicated with an asterisk. Fig. 9 . Effective thermal conductivities of Ni platelet and Ni sphereepoxy resin composites as a function of particle loading.
and non-leafing platelet composites indicates incipient electrical conductivity. The dielectric constant is less strongly frequency-dependent than the resistivity, which varies over several decades, as shown in Fig. 10b . The composites containing 2.8 vol.% and 4.8 vol.% MgF 2 -coated Ni platelets behaved as electrical insulators with dielectric constants of 136.7 and 144.8, respectively. The MgF 2 coating prevents electrical conduction even at high platelet loadings. We also produced electrically insulating composites with frequency-independent dielectric constants over the measured range of 20 Hz to 1 MHz. At platelet loadings of 11.5 vol.% and 20.5 vol.%, the dielectric constants were 71.2 ± 1.12 and 91.31 ± 16.06, respectively. The platelets used in this work (multilayer MgF 2 /Al/Ni/Al/MgF 2 ) were organized into chains in epoxy resin by use of a magnetic field. Uncoated pure Ni platelets structured in the same manner led to composites that behaved as electrical conductors: at a platelet loading of 10%, the composite resistivity was 0.62 X m. Field structuring led to platelet overlap, creating more contact area for charge conduction.
The thermal conductivity and the dielectric constant are isomorphic properties, because these properties can be computed from a scalar field (temperature, electrostatic potential) that is a solution to Laplace's equation. 32 It would thus be expected that the enhancements of these properties would be comparable, but this was not observed. enhancements because the Kapitza resistance blocks thermal transport by creating thermal discontinuities at the platelet-polymer interface.
COMPARISON OF PLATELET COMPOSITE COATINGS WITH OTHER MITIGATION METHODS
Three other mitigation methods were investigated in this work: fusing, solder dipping, and Pb plating. These approaches are described as follows:
Fusing-Fusing refers to heating the tin above its melting temperature ($232°C), then cooling slowly to form large grains. [33] [34] [35] [36] Large (a few microns), regularly shaped tin grains are less prone to whisker growth than unfused tin, which typically has sub-micron, irregularly shaped grains. 4 Solder dipping-The solder dipping method involves coating the tin surfaces by dipping them into a molten solder bath. [37] [38] [39] In this study, Sn-Pb solder was used. Solder whiskers typically take longer to form and do not grow as long as tin whiskers.
Pb plating-Relatively small amounts of Pb (3-10 wt.%) co-deposited with tin suppress tin whisker growth 33, 34, 40, 41 by changing the morphology of the tin grains from elongated to equiaxed, reducing the compressive stresses in the tin. 41 These mitigation methods were applied to capacitors and transistors. Some of these were exposed for 4000 h at 60°C and 93% RH and others were exposed to 1500-2000 temperature cycles (À55°C to 85°C). Under elevated temperature and high humidity conditions, tin whiskers eventually grew from the fused, solder dipped and the Pb plated components.
Under thermal cycling conditions, whiskers were observed on the fused, solder dipped, Pb plated, and unfilled epoxy resin and silicone rubber-coated components. Tables IV and V summarize the results of the mitigation experiments under both accelerated aging conditions. The platelet composite coating is the only mitigation method found to work well under both accelerated aging conditions.
SUMMARY
The change to pure tin plating on commercial components has created an immediate threat to the long-term reliability of electronic systems for weapons, satellites, military, telecommunications, and automotive applications. The unpredictable nature of tin whisker growth complicates lifetime predictions, so robust mitigation methods are needed. We have tested unfilled and platelet-filled epoxy resin and silicone rubber coatings for tin whisker mitigation on tin-plated capacitors and transistors under long-term storage, temperaturehumidity, and temperature cycling conditions. Tin whisker growth on control capacitors and transistors was monitored as a function of aging conditions. The whiskers did not typically grow longer than 20 lm, irrespective of aging conditions. The longest whisker was 75 lm and was found on a temperature-cycled capacitor.
After 500 temperature cycles (À55°C to 85°C), tin whiskers had penetrated both the silicone rubber and the epoxy resin coatings on capacitors. The polymer composite coatings, which comprised Ni or MgF 2 -coated Al/Ni/Al platelets in epoxy resin and silicone No whisker penetration after 1500 cycles rubber, withstood 1500 temperature cycles and 4000 h at 60°C, 93% RH without whisker penetration. Platelet composites made with Ni platelets can be electrical insulators or conductors. At platelet loadings £10 vol.% the composites were electrically insulating and their dielectric constants did not change substantially with frequency. At higher loadings ($17.6 vol.%), the composites were electrically insulating, but the dielectric constant decreased by $82% in the frequency range from 1 kHz to 1 MHz. At $24 vol.%, the composite behaves like a pure conductor. Platelet composites made with 2.8 vol.% and 4.8 vol.% of MgF 2 -coated Al/Ni/Al platelets were electrical insulators.
Addition of platelets increased the thermal conductivity and dielectric constant of the composites. The effective thermal conductivity of an electrically insulating composite containing 11 vol.% Ni leafing platelets in epoxy resin was 1.8 W/m K (0.21 W/m K for epoxy resin alone). The enhanced thermal conductivity enabled the coatings to function as heat spreaders. The dielectric constant of this composite was 60, (epoxy resin alone is 4.1).
Platelet composite coatings performed better than fusing, solder dipping, and Pb plating mitigation methods under accelerated aging conditions.
